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ABSTRACT 
 
Based on a multi-instrumental Cassini dataset we make model versus observation comparisons of 
plasma number densities, nP=(nenI)1/2 (ne and nI being the electron number density and total positive ion 
number density, respectively) and short-lived ion number densities (N+, CH2+, CH3+, CH4+) in the 
southern hemisphere of Titan’s nightside ionosphere over altitudes ranging from 1100 and 1200 km 
and from 1100 to 1350 km, respectively. The nP model assumes photochemical equilibrium, ion-
electron pair production driven by magnetospheric electron precipitation and dissociative 
recombination as the principal plasma neutralization process. The model to derive short-lived-ion 
number densities assumes photochemical equilibrium for the short-lived ions, primary ion production 
by electron-impact ionization of N2 and CH4 and removal of the short-lived ions through reactions with 
CH4. It is shown that the models reasonably reproduce the observations, both with regards to nP and the 
number densities of the short-lived ions. This is contrasted by the difficulties in accurately reproducing 
ion and electron number densities in Titan’s sunlit ionosphere. 
 
1. Introduction 
 
   Titan, the largest satellite of Saturn, has a dense and extended atmosphere dominated by N2 and CH4. 
The Cassini mission has revealed a chemically complex ionosphere around Titan. N2 and CH4 are 
ionized and/or dissociated by solar photons or particle irradiation marking the onset of a chain of 
chemical reactions, which produce hydrocarbon and nitrile ions, heavy positive and negative ions, and 
eventually aerosols (e.g., Vuitton et al., 2007; Waite et al., 2007; Wahlund et al., 2009; Crary et al, 
2009; Ågren et al., 2012; Shebanits et al., 2013; Lavvas et al., 2013; Wellbrock et al., 2013). However, 
Titan dayside ionospheric models have shown difficulties in reproducing observed electron number 
densities (e.g., Vigren et al., 2013), as well as the observed number densities of HCNH+, the dominant 
ion in the main ionosphere (e.g., Vuitton et al., 2009; Westlake et al., 2012). The sunlit side electron 
number densities derived in the Cassini multi-instrumental study by Vigren et al. (2013) are 
systematically a factor of ~2 higher than the values deduced from the Radio Plasma Wave 
Science/Langmuir Probe (RPWS/LP) measurements. From the latter, the dayside electron number 
densities are found to peak typically at values ~2000-5000 cm-3 in the altitude range 1000-1200 km. 
The model predicts the observed shape of the electron number density in altitude and both the 
observations and the model show that a decreased solar zenith angle decreases the altitude and 
increases the magnitude of the electron number density peak. Whether the cause of the discrepancy in 
magnitude is overestimated plasma production, underestimated plasma loss or a combination of the two 
is an open question. There are different levels of agreement in existing model-observation comparisons 
of short-lived ions in Titan’s dayside ionosphere (short-lived ions include e.g., N+, N2+ and CHx+ with 
x<5; ions that are reactive with CH4 and typically lost in ~5-200 s upon formation in the altitude range 
1000-1350 km). On the one hand, Robertson et al. (2009), Westlake et al. (2012) and Richard (2013) 
obtain a good agreement with the Ion Neutral Mass Spectrometer/Open Source Ion mode (INMS/OSI) 
observations for their model derived number densities of {N+, CH2+}, CH3+ and CH4+ (note that N+ and 
CH2+ cannot be separated by the INMS/OSI due to their similar mass-to-charge ratios). On the other 
hand Vuitton et al. (2009) overestimate the observed number densities of {N+, CH2+} and CH3+ and 
Mandt et al. (2012) derive significantly higher number densities than observed for these species as well 
as for CH4+. Nevertheless, when Mandt et al. (2012) utilize a high resolution cross-section set for the 
N2 photodissociation beyond the N2 ionization threshold, an action that affect the ionization rate profile 
of CH4 (see Lavvas et al., 2011), the model-data comparison improves notably for CH3+ and CH4+.  
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   In the present work we focus on Titan’s nightside ionosphere with the purpose of comparing modeled 
ionospheric number densities with observations. Firstly (in Section 2) we compare modeled plasma 
number densities with RPWS/LP observations in the altitude range 1100-1200 km (the selection of 
upper and lower limits of the altitude range are motivated in Section 2.1). The plasma number density 
is here defined as nP=(nenI)1/2 with ne and nI being the electron number density and the total positive ion 
number density, respectively.  Secondly (in Section 3) we compare over a more extended altitude range 
(1100-1350 km) modeled and observed number densities of the short-lived ions N+, CH2+, CH3+ and 
CH4+.  
   Titan’s nightside ionospheric particle balance has previously been modeled by Ågren et al. (2007) 
(focusing on the T5 flyby) and Cravens et al. (2009) (focusing on the T5 and T21 flybys). In brief they 
considered upstream electron fluxes measured by the Cassini Plasma Spectrometer/Electron 
Spectrometer (CAPS/ELS) and modeled by different means the electron precipitation through the 
upper atmosphere. The number densities of the dominant N2 and CH4 molecules were constrained by 
measurements by the Ion Neutral Mass Spectrometer (INMS) operating in its Closed Source Neutral 
(CSN) mode. Ionization rates versus altitude were calculated and electron- and ion number densities 
derived from ion-chemistry models. In the deep ionosphere, below 1200 km, the modeled electron 
number densities significantly exceeded the RPWS/LP observations. In Ågren et al. (2007) the 
modeled ne exceeded the observations by more than a factor of 6 (see their Fig. 8), though sub-sequent 
to their work a re-calibration of the CAPS/ELS instrument was made (see Cravens et al., 2009 and in 
particular Lewis et al., 2010), which taken into account reduces the discrepancy to a factor of ~3. 
Cravens et al. (2009) remarked that a satisfactory model-observation comparison in the deep 
ionosphere would be achieved following a reduction by a factor of 5-10 in the incident electron fluxes 
used in their model. 
   Our approach to investigate Titan’s nightside ionosphere differ in several aspects from the works by 
Ågren et al. (2007) and Cravens et al. (2009). Most importantly we do not attempt to model the 
magnetospheric electron precipitation but use instead in each considered location the ambient 
suprathermal electron fluxes measured by the CAPS/ELS to derive electron-impact ionization rates.  
As highlighted in e.g., Ågren et al. (2007), Cravens et al. (2009), Gronoff et al. (2009) and Snowden et 
al. (2013) the electron precipitation is highly sensitive to the magnetic field line topology, which in the 
case of Titan can be very complicated. In fact, Snowden et al. (2013) discuss the results of Ågren et al. 
(2007) and Cravens et al. (2009) and show that the significant electron flux depletion required to reach 
consistency with observations in the deep nightside ionosphere is fully plausible. A further difference 
in our model to derive plasma number densities is that we utilize the concept of an effective ion-
electron recombination coefficient, which removes the computational burden of modeling in detail the 
complex chemistry associated with Titan’s ionosphere. We use in the present study the most recently 
analyzed data from the INMS/CSN (Cui et al., 2012), INMS/OSI (Mandt et al., 2012), CAPS/ELS (see 
e.g., Lewis et al., 2010; Wellbrock et al., 2012) and RPWS/LP (Edberg et al., 2013; Shebanits et al., 
2013). 
 
2. Plasma number density 
 
2.1. Flyby information and description of model 
 
   We focus the nP study to the altitude regime 1100-1200 km using Cassini data from the five 
consecutive T55-T59 Titan flybys, which share similar geometrical features (see Table 1).  
 
Table 1: Titan nightside flybys considered in the present study with information on date and Saturn Local Time 
(SLT). Also shown are the values of the Local Time (LT) on Titan, Solar Zenith Angle (SZA), the latitude and the 
longitude for altitudes of 1200 km along the Cassini inbound trajectory. The values within brackets are those at 
1200 km for the outbound part of the flybys.  
Flyby (date) SLT  
(h) 
LT  
(h) 
SZA  
(°) 
Latitude  
(°) 
Longitude  
(°) 
T55 (2009-05-21) 21.95 22.6 [21.0] 159 [122] 4S [39S] 167 [192] 
T56 (2009-06-06) 21.91 22.6 [20.7] 154 [115] 14S [49S] 167 [195] 
T57 (2009-06-22) 21.87 22.6 [20.3] 149 [107] 23S [59S] 166 [200] 
T58 (2009-07-08) 21.83 22.6 [19.7] 141 [99] 33S [68S] 165 [208] 
T59 (2009-07-24) 21.78 22.7 [18.2] 134 [91] 43S [75S] 163 [230] 
 
   The upper and lower limits of the altitude range are set respectively to probe a photochemically 
controlled region and a region where magnetospheric electron precipitation is the dominant ionization 
source on the nightside (see e.g., Robertson et al., 2009; Galand et al., 2014). Overall the study is 
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restricted to nine points sampled from the flybys, mainly because the RPWS/LP made sweep mode 
measurements only once every 24 s and as we consider only parts of the flybys at sufficiently high 
solar zenith angles (>110°) such that we can safely neglect any contribution to the ion-electron pair 
production by solar EUV photons.  
   Let ne, nI and nN be the number densities of electrons, positive ions and negative ions, respectively. 
Under the assumptions of photochemical equilibrium, and overall charge neutrality with singly charged 
positive and negative ions (nI = ne + nN) the following ionospheric relation can be derived (see Larsen 
et al., 1972): 
 
Pe = αeff nenI +αMNnNnI  (1) 
 
where αeff and αMN are the effective ion-electron dissociative recombination and ion-ion mutual 
neutralization rate coefficients, respectively. Introducing λ=nN/ne and the plasma number density 
nP=(nenI)0.5 Eq. (1) can be rewritten as 
 
    	    (2) 
 
In the considered altitude regime ne>nN (Shebanits et al., 2013) and in addition it is anticipated that 
αeff>> αMN (see Vigren et al., 2014). This implies that ion-electron recombination is the dominant 
plasma neutralization process in the considered altitude range. Assuming further that the effective 
recombination coefficient is proportional to (Te/300)-0.7 where Te is the electron temperature (see 
further Section 2.6.3) Eq. (2) can be reduced to: 
 
nP,Model ≈
Pe
αeff ,300 (Te / 300)−0.7
 (3) 
 
where nP=(nenI)1/2, Pe is the ion-electron pair production rate, Te is the electron temperature and αeff,300 
is the effective ion-electron recombination coefficient at a reference electron temperature of 300 K. 
The input parameters Pe, αeff,300 and Te are discussed in Sections 2.2-2.4. In Section 2.5 the ratios, R, of 
modeled (right-hand-side of Eq. 3) and observed plasma number densities are presented with estimated 
random uncertainties. In Section 2.6 we explore how the R-values are affected considering e.g., 
systematic errors of various input parameters. 
 
2.2. Electron production rate 
 
   The ion-electron pair production rate Pe at a given location is calculated as in Galand et al. (2010) 
from the CAPS/ELS derived differential suprathermal electron fluxes, Ie(E), (unit of cm-2sr-1s-1eV-1) 
(see e.g., Lewis et al., 2010; Wellbrock et al., 2012) assumed to be isotropic in pitch angle and 
corrected for spacecraft potential, measured by RPWS/LP (typically in the vicinity of -0.5 V for the 
points considered): 
 
Pe = 4π nm Ie(E)σ m (E)dE∫
m
∑   (4) 
 
where the integral extends from the ionization threshold of neutral species m to 28 keV, which is the 
upper limit of the CAPS/ELS energy range, nm is the number density of molecular species m (N2 or 
CH4) (derived from INMS/CSN, see Cui et al., 2012) and σm(E) is the total electron-impact ionization 
cross section of m at energy E. The cross sections for N2 and CH4 electron-impact ionization are taken 
from Itikawa (2006) and Liu and Shemansky (2006). To assess Ie we have mainly made use of the 
CAPS/ELS anode 2 measurements taking the average over four 2s spectra recorded near the altitude of 
interest. As an example Fig. 1 shows Ie(E) derived in this manner near 1169 km during the ingress of 
the T56 flyby (the displayed error bars are due to counting statistics). Anodes 3-6, and in particular 
anodes 4 and 5, pointed in or near the ram direction and detected negative ions (or traces). Anode 2 
was chosen out of the remaining four anodes because it is the least affected by spacecraft obscuration, 
which in particular affect the measurements in anodes 1 and 8 (e.g., Lewis et al., 2008; Arridge et al. 
2009).  
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   It is stressed that additional uncertainties, mainly of systematic nature, prevails for all αeff,300 values 
used in our model calculations. On the one hand, error margins due to uncertainties in the adopted 
recombination coefficients and the number densities of the 17 major ions are limited to ~15-20% as 
motivated in Section 2.6.2. It is, on the other hand, difficult to assess the potential error introduced 
when approximating αeff,300 in the entire ion population by the effective recombination coefficient 
among the 17 major ions observable by the INMS/OSI. While the 17 major ions account for >90% of 
the ion population seen by the INMS/OSI in the considered altitude range, the prevalence of heavy ions 
(with M/Z>100 Da), not detectable by the INMS/OSI, may have a non-negligible influence on the 
effective recombination coefficient. Such heavy ions are considered likely to contribute to somewhat 
increasing αeff,300 values  (see Vigren et al., 2013) though there is a limited knowledge on dissociative 
recombination rate coefficients for complex ions of potential relevance for Titan’s ionosphere.  
 
2.4. RPWS/LP data 
    
   The RPWS/LP derived Te, ne and nI (see Edberg et al., 2011, 2013; Shebanits et al., 2013) are shown 
in Table 3. The Te values are estimated accurate to within ~20% while the random uncertainties in ne 
and nI due to instrumental noise are estimated as ~10%.  
 
Table 3: Estimated αeff,300 and RPWS/LP derived Te, ne and nI for the nine investigated points in Titan’s 
ionosphere. Random errors in αeff,300 are only considered for the values derived from Eq. (6) (see text for details) 
while the random errors in Te, ne and nI are estimated as 20%, 10% and 10%, respectively. 
# Flyby αeff,300  
[10-7 cm3s-1] 
Te 
[K] 
ne 
[cm-3] 
nI 
[cm-3] 
1 T55out, 1185 km 6.79±0.54 648 706 644 
2 T56in, 1169 km 6.97±0.56 729 986 1375 
3 T56in, 1124 km 7.45±0.60 440 1000 1405 
4 T56out, 1156 km 7.10±0.57 686 908 1527 
5 T57in, 1195 km 6.64 641 878 942 
6 T57out, 1147 km 7.15 507 957 1135 
7 T58in, 1164 km 7.02±0.56 667 1078 1753 
8 T59in, 1172 km 7.15 646 935 1132 
9 T59in, 1127 km 7.74 562 907 808 
 
2.5. Model-observation comparison 
 
 The modeled (right-hand-side of Eq. 3) and observed plasma number densities [nP=(nenI)1/2 ], and their 
ratio R=nP,model/nP,obs, are shown in Table 4. The error margins do not take into account systematic 
uncertainties (discussed in Section 2.6). The assymetric errors in nP,Model and the R-values follows from 
the asymmetric errors considered for Pe (see Table 2). The error margins include also the consideration 
of random errors in Te (20%) and in αeff,300  (8% for point indices 1-4 and 7). The random uncertainty in 
nP,obs follows from error propagation of nP,obs=(nenI)1/2 with the random uncertainties in ne and nI each 
set to 10%.  
 
Table 4: Modeled and observed nP and their ratios for the nine investigated points.  
# Flyby nP,Model 
[cm-3] 
nP,observed 
[cm-3]
R =nP,Model/ nP.,obs 
 
1 T55out, 1185 km 841 (+67, -140) 674±48 1.25 (+0.14, -0.24) 
2 T56in, 1169 km 1121 (+165, -169) 1164±82 0.96 (+0.17, -0.17) 
3 T56in, 1124 km 1052 (+180, -172) 1185±84 0.89 (+0.18, -0.17) 
4 T56out, 1156 km 1248 (+164, -196) 1178±83 1.06 (+0.17, -0.20) 
5 T57in, 1195 km 1000 (+97, -118) 909±64 1.10 (+0.15, -0.17) 
6 T57out, 1147 km 953 (+143, -97) 1042±74 0.91 (+0.18, -0.12) 
7 T58in, 1164 km 1149 (+93, -266) 1375±97 0.84 (+0.09, -0.21) 
8 T59in, 1172 km 1147 (+80, -150) 1029±73 1.12 (+0.12, -0.19) 
9 T59in, 1127 km 1123 (+98, -87) 856±61 1.31 (+0.16, -0.15) 
 
   We have plotted the R-values with asterisks in Fig. 3 and included for comparison the corresponding 
R–values in the dayside ionosphere using Cassini data from the T40 (circles) and T48 Titan flybys 
(squares). Note that Pe was derived in a different manner in the dayside ionosphere where the main 
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2.6.2. Systematic uncertainties in the αeff,300 values 
 
   Here we present an attempt to estimate systematic uncertainties in the αeff,300 values derived for points 
in the 1100-1200 km altitude range along the ingress of the T59 flyby. The αeff,300 values, shown by red 
asterisks in Fig. 2, were estimated based on Eq. (5) with summation over the 17 major ions, J, 
detectable by the INMS/OSI, a chemical assignment of M/Z ratios to ionic species, and measured or 
“estimated-only” dissociative recombination rate coefficients as described more detailed in Section 2.3. 
We have made 1000 test simulations (of type S1) with ion number densities, nJ, fixed according to the 
INMS/OSI measurements during the ingress of the T59 flyby, but with the measured and “estimated 
only” dissociative recombination coefficients, αJ,300, being randomly varied within 20% and 50%, 
respectively. To clarify, for a given S1 simulation the recombination coefficient of species J was given 
a random value in the interval [0.8×αJ,300, 1.2×αJ,300] or [0.5×αJ,300, 1.5×αJ,300] depending on whether J 
has a measured or estimated only recombination coefficient, respectively. To account for 27% error 
margins in the INMS/OSI derived ion number densities (see Mandt et al., 2012) we have in addition 
made 1000 simulations (of type S2) in which also the number density of each species J at any given 
point was given a random value within an interval [0.73×nJ, 1.27×nJ]. The simulation results from S1 
and S2 are presented in Table 5.  
   The modified αeff,300 values obtained in the S1 [S2] simulations were changed typically (in 70% of the 
simulations) by less than 6% [7%] and in the most extreme cases by up to ~18% [~22%]. The relative 
abundance of ions with unmeasured dissociative recombination rate coefficients among the 17 major 
ions is <20% in the considered altitude range, so considering even larger errors than 50% in the 
“estimated only” rate coefficients does not affect significantly the results of the test runs. Note, finally, 
that our consideration of ion number density errors in S2 totally neglects correlation effects; for 
example it is probably unlikely that the derived number density of HCNH+ (M/Z=28 Da) is 20% over-
determined at the same time as the number density of C2H5+ (M/Z=29 Da) is 20% under-determined. In 
case all ion number densities are changed by the same factor, and the dissociative recombination rate 
coefficients are held fixed, there is no change in any given αeff,300 value as it is determined as a number 
density weighted average. 
     
Table 5: Results from 1000 simulations of type S1 and 1000 simulations of type S2 applied to the ingress of the 
T59 flyby. The notation #VW10% should be read as the number of simulations that resulted in effective 
recombination coefficients within 10% of the αeff,300 value displayed in the second column. 
Altitude 
(km) 
αeff,300  
(10-7 cm3s-1) 
S1 
#VW5% 
S1 
#VW10% 
S1 
#VW15% 
S2 
#VW5% 
S2 
#VW10% 
S2 
#VW15% 
1186 7.21 566 888 988 479 826 966 
1168 7.13 582 893 990 524 875 978 
1150 7.15 602 912 993 542 882 983 
1134 7.53 632 938 997 591 909 988 
1118 8.04 655 947 997 616 917 996 
1102 8.53 647 946 996 661 949 995 
 
2.6.3. Electron temperature dependence of the effective recombination coefficient 
 
   The assumption that the effective recombination coefficient is proportional to (Te/300)-0.7 is backed 
up by experimental results (see Vuitton et al., 2007; Vigren et al., 2013 and references therein). By 
instead using a temperature dependence of (Te/300)-0.5 decreases the R-values in Table 4 by a maximum 
of ~8%. Similarly a maximum increase of the R-values in Table 4 by ~9% follows by instead assuming 
an electron temperature dependence of (Te/300)-0.9. 
 
2.6.4. Considering only the electrons with E<1 keV 
 
We have investigated how the R-values are affected by calculating Eq. (4) only up to ~1 keV. The 
sensitivity test is motivated in part by the lack of experimental data of electron-impact ionization cross 
sections above 1 keV but mainly by the fact that Ie(E) values above 1 keV tend to be highly uncertain 
due to poor statistics. For seven of the nine points considered the R-values decreased by ~5% while the 
R-values of point indices 6 and 9 in Table 4 decreased by ~8%. 
 
2.6.5. Electron and positive ion number densities 
 
We have investigated how the R-values are affected by setting nI equal to the observed electron number 
densities, the latter being confirmed by an independent measurement technique wherein ne is 
  
det
(se
nu
low
and
Ta
nP,
sho
reg
 
3. 
 
Th
app
ion
res
ver
km
im
 
Fig
ver
 
   W
rem
can
Cr
wi
Ta
the
(M
den
ob
for
ele
con
to 
tha
nu
erm
e e
mbe
er 
 ne
ble 
Mode
ws
ard
Sho
e el
lyi
iza
pec
sus
) th
pac
ure
sus
he
ov
 be
aven
th th
ble 
 nu
and
sity
serv
 the
ctro
sid
the 
n C
mbe
ine
.g., 
r d
tha
 va
4 r
l/ne,
 tha
less
rt-l
ectr
ng 
tion
tive
 alti
e p
t ion
 4:
 alti
n f
ed p
 ex
s e
e r
6, D
mb
t et
 (l
atio
 mo
n-i
ere
disp
H4
r d
d fr
Wa
ensi
n th
lues
ang
obs r
t th
 of 
ived
on 
par
 cr
ly. 
tud
rod
iza
 Ca
tud
ocu
rim
ten
t al
ate 
utu
er d
 al.
ess 
ns 
del
mpa
d) a
lay
 (su
ensi
om
hlu
ties
e n
 (S
es f
ang
e m
con
 io
imp
tial 
oss-
Fig
e al
ucti
tion
lcul
e al
sing
ari
ded
., 20
coe
it e
ens
, 20
tha
as M
-der
ct 
nd 2
ed e
ch 
ties
 the
nd 
 inf
ega
heb
rom
es i
od
side
n n
act
ion
sec
ure 
ong
on r
), f
ated
ong
 on
ly t
 to 
10)
ffic
t al
itie
12)
n 1
/Z
ive
ion
0%
rro
as 
. T
 up
et a
erre
tive
anit
 0.
nste
eled
rin
um
 pro
iza
tion
4 sh
 the
ate
ollo
 pr
 the
 sh
hrou
alti
. B
ien
., 20
s of
 of
0 cm
=28
d sh
-pro
 un
r es
H2, 
his 
per 
l., 
d f
 ion
s et
84 
ad 
 ni
g th
ber
duc
tion
s f
ow
 ing
 of 
wed
odu
 ing
ort
gh 
tude
y co
ts fo
13
 {N
 spe
-3
 
 Da
ort
duc
cert
tim
C2H
app
hyb
200
rom
 ch
 al.
to 
from
ght
e R
 den
tio
 cr
rom
s c
res
N2+
 by
ctio
res
-liv
dis
s e
mb
r a
, an
+
, C
cie
in t
 ion
-live
tion
ain
ates
2, 
lies
rid 
9). 
 CA
arge
, 20
1.31
 1.
side
PW
siti
n ra
oss 
 It
alcu
s of
 is t
 N+
n ra
s of
ed 
soci
xce
inin
 set
d th
H2+
s w
he 
s a
d i
 ra
ties 
 it i
C2H
 in 
em
Thi
PS
 de
13)
, h
05 t
 pl
S/L
es (
tes 
sec
ikaw
late
 the
he h
 (18
tes
 the
ions
ativ
edin
g t
 of 
e su
}, C
ith 
con
re h
on n
tes
in t
s no
4 a
par
issi
s (e
/EL
nsi
.  W
as a
o 1
asm
P d
T57
of 
tion
a 
d e
 T5
igh
-19
 of 
 T5
 (w
e r
g 1
he e
ion
ppl
H3
M/Z
side
eav
um
 (C
he r
ted
nd 
ticu
on l
xtr
S m
ties 
hi
 m
.37,
a d
eriv
 ca
N2+
s 
(20
lect
7 tr
est
%),
sele
7 fly
ith
ecom
300
lec
-neu
eme
+
 a
=1
red
ily 
ber
AP
ate
 tha
HC
lar 
ine 
eme
ea
inf
le t
ean 
 has
ens
ed n
se s
, N+
of N
06)
ron
ajec
 (71
 CH
cted
by
 sig
bi
 km
tron
tra
nta
nd C
4, 1
 alt
dom
 den
S/E
 coe
t the
N) 
for 
as 
) te
sure
erre
he R
of 
 a m
ities
I va
tud
, C
2
 an
-imp
tory
-75
4
+
 (
 ion
 by 
nif
nati
 (
-im
l re
ry m
H4
5 a
itud
ina
siti
LS 
ffic
 ne
is 
the
obta
st i
me
d fr
-v
1.0
ea
 ar
lue
y)
H4+
or 
d L
act
. A
% o
5.3
s d
the 
ican
on)
see 
pac
acti
ate
+
 an
nd 
e r
ted 
es a
me
ient
gle
a so
 N+
ine
s m
nts 
om
alue
5 an
n of
e in
s or
, C
CH
iu 
 pro
cro
f th
-2.7
ue 
Cas
tly 
, th
e.g
t pr
ons
ria
d c
16 
ang
by 
cco
asu
s u
ct o
urc
 ion
d b
oti
(se
 the
s (i
d a
 1.1
 re
 usi
H3+
4. W
& 
du
ss t
e to
%),
to e
sini
sho
e as
., R
odu
 inv
l of
om
Da 
e) c
HC
unt
rem
sed 
f ion
e o
 sp
y th
vate
e W
 dif
.e. 
 st
6 a
aso
ng 
and
e 
She
ctio
he c
tal
 CH
lect
 spa
rter
sum
obe
ctio
olv
 Vu
par
(see
oul
NH
 for
ent
for 
 lo
f sy
ecie
e W
d b
ellb
fere
the 
and
nd a
nab
the 
 CH
hav
ma
n ra
ons
 am
3
+
 (
ron 
cec
 lif
pti
rtso
n ra
ing 
itto
ed w
 Fi
d n
+
. T
 the
s b
the 
sses
ste
s, w
ide
y t
roc
nce
nP,M
ard 
 sta
le a
assu
2
+
e t
nsk
tes 
ider
oun
4.1
imp
raf
etim
on o
n e
tes
CH
n et
ith
g. 5
ot b
he e
 inte
y a
ion
 via
mat
hic
ban
he f
k e
 of
odel
dev
nda
gre
mp
can
ake
y (
of 
ed 
t of
-2.1
act
t.  
es
f p
t al
 of 
4 as
 al.,
 the
). T
e c
rro
r-a
nod
-neu
 rea
ic o
h i
d R
act
t al
 the
/nP,o
iati
rd 
eme
tion
 be
n e
200
the 
altit
 ion
%) 
 ion
 tha
hot
., 2
the 
 th
 20
 IN
he
omp
r m
nod
e 
tra
ctio
ver
s re
ece
 tha
. 20
 RP
bs r
on 
dev
nt 
 tha
 de
lect
6) 
five
ude
s fo
and
izat
n s
och
009
ion
e ne
07) 
MS
 mo
are
argi
e va
2, 
l rea
ns 
-de
acti
ive
t th
13)
WS
atio
of 0
iatio
with
t nI
rive
ron
for 
 lis
 ran
rm
 CH
ion
pec
emi
; C
s (sh
utr
we 
/OS
del
d w
ns s
ria
3, 
ctio
wit
term
ve 
r on
e n
 in 
/LP
s) d
.16
n o
 ob
 ~ n
d fr
-im
N2
ted 
ge 
ed b
2
+
 (
 of 
ies 
cal 
ui e
ow
al r
hav
I o
ed N
ith
how
tion
6 a
ns.
h ne
ina
with
 the
ega
gen
 de
isp
, th
f 0.
ser
e. 
om
pact
 an
ion
(13
y e
0.7
N2 a
che
equ
t al
n in
eact
e e
bse
2
+
 
 IN
n i
s in
nd 
 In 
utra
tion
 H
 RP
tive
era
rive
laye
e r
12. 
vat
 Eq
 pa
d 
 spe
50-
lec
-0.4
nd 
mi
ilib
., 2
 Fi
ant 
stim
rva
num
MS
n F
 der
7 
add
ls o
 of
2, C
W
 io
l ar
d n
d i
atio
Thi
ions
. (3
rtia
CH4
cie
110
tron
%)
CH
call
rium
009
g. 4
(se
ate
tion
be
/OS
ig. 
ive
wer
itio
the
 io
2H2
S 
n 
e 
I 
n 
s 
s 
, 
) 
l 
, 
s 
0 
-
. 
4 
y 
 
; 
) 
e 
d 
s 
r 
I 
5 
d 
e 
n 
r 
n 
, 
  
C2
pro
We
per
~0
det
sim
neu
lik
 
Ta
not
fra
Re
N2+
 
 
N+ 
 
 
CH
CH
CH
No
 
 
Fig
(as
alo
the
ma
CA
ion
 
   T
wi
a p
den
be 
fac
int
H4 
file
stla
cen
.1 to
erm
ila
tra
ely 
ble 
atio
ction
actio
 + C
+ C
4
+
 +
3
+ +
2
+ +
te: a
ure
teri
ng 
 IN
rgin
PS
-ne
he 
th o
oin
sity
res
tor 
eres
(for
s d
ke 
t w
 ~0
ine
r ov
ls. T
to r
6: I
n “O
s ar
n 
H4 
H4 
 CH
 CH
 CH
) e.g
 5
sks)
the 
MS
s a
/EL
utra
mo
bse
t ne
 pr
olve
of 
ting
 rat
eriv
et a
ith 
.2 i
s th
er-
hu
esul
on-n
the
e ad
4 
4 
4 
., 1
: IN
 of
ing
/OS
sso
S d
l re
del 
rvat
ar 1
ofil
d. 
~2. 
ly, 
e co
ed/
l., 
resp
n th
e N
dete
s, o
t in
eutr
r” m
opt
.18(
MS
 ion
ress
I m
ciat
eriv
acti
deri
ion
200
e. W
Nea
The
is n
eff
ado
201
ect
e a
+
 n
rm
ur s
 mo
al r
ea
ed fr
-9) s
/O
s w
 of 
ea
ed w
ed 
ons
ved
s fo
 km
he
r 1
 m
ot s
icie
pted
2) 
 to t
ltitu
umb
inat
imp
del
eact
ns i
om 
hou
SI o
ith 
the 
sure
ith
ion 
. 
 nu
r alt
 in
ther
300
ode
een
nts,
 in
- w
he 
de 
er 
ion 
lific
-der
ions
ons 
the 
R
(c
1
 
 
1
 
 
1
1
1
ld b
bse
ma
T57
me
 the
pro
mb
itud
 wh
 thi
 km
led 
 in 
 see
 ear
ith 
num
rang
den
in 
atio
ived
 con
oth
lists
ate 
m3s
.18(
.15(
.14(
.10(
.30(
e re
rve
ss to
 Ti
nts 
 m
duc
er d
es 
ich
s pa
 th
num
the
 D
lier
the 
ber
e 1
sity
CH
n o
 {N
sid
er th
 of V
coef
-1) 
-9)a 
-9) 
-9) 
-9) 
-9) 
ad a
d n
 ch
tan 
are
ode
tion
ens
less
 the
rtic
e m
be
 obs
utui
 Tit
num
 de
100
 by 
2
+
f on
+
,C
ered
an 
uit
fici
s 1.1
um
arg
flyb
 for
l-de
 rat
ities
 tha
 obs
ular
ode
r de
erv
t et
an 
be
nsit
-13
~20
num
ly 
H2+
 in 
N2+
ton 
ent
8×1
ber 
e ra
y b
 vi
rive
es a
 fo
n 1
erv
 dis
led 
nsi
atio
 al.
mod
r de
y of
50 k
% 
ber
con
} n
the m
, N
et al
0-9.
den
tios
y th
sibi
d n
nd 
r ion
250
ed n
con
num
ties 
ns. 
, 20
els
nsi
 CH
m 
ove
 de
side
umb
od
+
, C
. (20
 
sit
 of
e C
lity 
um
20%
s w
 km
um
tinu
be
sho
The
13)
 (se
ties 
4 a
- w
r th
nsi
r re
er 
el f
H4+
07)
ies 
 14 
ass
pur
ber 
 u
ith
 (se
ber
ity
r d
w a
ref
 an
e e
of 
nd 
e fin
e st
ty i
acti
den
or c
, CH
 and
Pro
CH
CH
Oth
CH
CH
Oth
Oth
Oth
Oth
(op
(blu
ini 
pos
den
ncer
 M/
e th
 den
 is r
ensi
 de
ore,
d w
.g., 
HC
with
d i
udie
s a
ons
sitie
alcu
3
+
 Du
duc
3
+
 
2
+
er 
4
+
 
3
+
 
er 
er 
er 
er 
en 
e),
spa
es 
siti
tain
Z=1
e b
sit
eal 
ties
cre
 on
ith 
Vu
N, 
 th
t rea
d a
ntic
 wi
s o
latin
and
tuit 
ed io
sym
 15 
cecr
sho
es a
ties
4 D
lue 
y of
or d
 are
asin
e m
HC
itton
C2H
e n(
son
ltitu
ipa
th C
ver-
g n
 CH
et al
n 
bol
(red
aft.
wn 
cco
 in 
a (
sym
 14
ue 
 hi
g tr
ay s
N. 
 et
2 a
H2)
abl
de 
ted 
H4
det
umb
2
+
. 
. (20
s) a
) a
 Th
onl
unt
the
N+
bol
 Da
to a
ghe
end
pec
Con
 al.
nd 
/n(C
e to
ran
by 
as t
erm
er d
The
13)
nd 
nd 
e 27
y fo
 for
 rat
and
s in
 ion
n in
r th
 wi
ula
sid
, 20
C2H
H4
 ass
ge 
neg
he 
ined
ens
 rat
. 
cal
16 
% 
r s
 int
e co
 CH
 Fig
s de
stru
an 
th d
te e
erin
07;
4 b
) ra
um
110
lec
neu
 by
ities
e co
B
8
9
5
5
50
4
10
10
10
cula
(bla
erro
elec
er-a
eff
2
+) 
. 5
via
me
the 
ecr
ithe
g t
 Cr
eing
tio 
e th
0-13
ting
tral 
 up
 of 
effi
ranc
6%
% 
% 
% 
%
5%
0%
0%
0%
ted
ck) 
r b
ted
nod
icie
agr
). N
tes 
ntal
obs
eas
r th
he n
ave
 at
taki
at o
50 
 th
reac
 to 2
shor
cien
hing
 
 
 
 
 nu
Da
ars 
 po
e v
nts 
ee r
otew
mar
 art
erv
ing 
at tr
um
ns e
 ~1
ng 
ur m
km
e li
tan
0%
t-liv
t an
 fra
mb
 ver
asso
ints
aria
ado
eas
or
ked
ifac
ed 
alti
ans
ber
t al
% t
valu
od
. A 
sted
t is 
. 
ed i
d b
ctio
er d
sus
cia
. T
tion
pted
ona
thy,
ly f
t rem
valu
tude
por
 de
., 2
o a
es 
el o
rou
 se
dee
ons
ranc
n 
ens
 alti
ted 
he 
s in
 fo
bly 
 the
rom
ai
es 
, w
t ef
nsit
009
 few
from
ver
ghl
t o
me
. Th
hin
itie
tud
wit
erro
 th
r th
wel
re i
 th
ns t
by 
hic
fect
y 
; 
 
 
-
y 
f 
d 
e 
g 
s 
e 
h 
r 
e 
e 
l 
s 
e 
o 
a 
h 
s 
  
 11
become important above ~1250 km (which seems unlikely considering the short time-scales for the 
considered ion-neutral reactions) or that there is a missing loss mechanism for N+ (predicted to 
contribute to ~73-75% of the signals at M/Z=14 Da) and that this loss mechanism is dominating more 
at high altitudes.  
   The model derived number densities for ions with M/Z=15 Da (CH3+) agree very well with 
observations again up to an altitude of ~1250 km (see the red symbols in Fig. 5). This validates the 
ionization frequencies derived from the CAPS/ELS measurements as the dominant source of CH3+ is 
the production through the reaction between N2+ and CH4 and as the N2+ production rate by electron-
impact is only 20-30% lower than the total electron-impact ionization rate. For the less abundant ions 
with M/Z=16 Da (CH4+) there is a good agreement in the shapes of the modeled and observed number 
density profiles (see black symbols in Fig. 5), though the modeled ion number densities are typically 
30-40% lower than the observed values. Speculatively the discrepancy may in part be explained by the 
fact that we do not here consider ions in excited states. For example, N+ ions in the 1D state are not 
quenched by N2 but react with CH4 with a similar rate coefficient as ground-state ions, but with a much 
higher flux (~40% instead of ~5%) into the charge transfer channel, producing CH4+ (see Dutuit et al., 
2013 and references therein). 
 
4. Discussion and concluding remarks 
 
   In summary we have shown that models driven by Cassini data are able to reasonably reproduce both 
the RPWS/LP derived plasma number densities and the INMS/OSI derived short-lived ion number 
densities in Titan’s nightside ionosphere at least in the altitude ranges 1100-1200 km, and 1100-1250 
km, respectively. This is contrasted by the over-estimations in modeled plasma number densities (e.g., 
Vigren et al., 2013) and short-lived ion number densities (e.g., Mandt et al., 2012) compared with 
observations in Titan’s sunlit ionosphere, where the main ionization source is solar EUV irradiation.  
   The R-values (i.e. the nP,Model/nP,obs ratios) provided in Table 4 and displayed in Fig. 3 for the nine 
nightside points considered ranges from 0.84 to 1.31, has a mean of 1.05 and a standard deviation of 
0.16. Systematic errors associated with the model input parameters and the observed electron number 
densities are unlikely to significantly alter (i.e. by a factor of 2 or even a factor of 1.5) the derived 
nightside R-values (as discussed in Section 2.6). It is, however, important to note that our approach to 
model the nightside ionosphere is somewhat simplified. For example, the applicability of the 
photochemical equilibrium assumption needs to be critically evaluated, in particular for modeling nP on 
the nightside where the time-scale for loss through dissociative recombination approaches 104 s near 
1200 km (for long-lived ions such as HCNH+) and where part of the plasma population may be 
remnant from the dayside (see Cui et al., 2009, 2010). Taking the latter effect into account would act in 
the direction to increase the modeled plasma number densities, but would not influence the model 
focusing on short-lived ion number densities.  
   In the sunlit ionosphere the modeled plasma number densities are higher than the observed values by 
a factor of ~1.9 (see Fig. 3 and Vigren et al., 2013). The main reason as to why models significantly 
overestimate nP in Titan’s sunlit ionosphere remains unclear and further studies into the subject are 
required before conclusions can be drawn. 
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Highlights 
 
• We investigate the ionization balance in Titan’s nightside ionosphere.  
 
• Study based on RPWS/LP, INMS and CAPS/ELS measurements. 
 
• Observed plasma number densities well reproduced by models driven by 
Cassini data. 
 
• Observed number densities of short-lived ions also well reproduced. 
 
